Objective: To examine vitamin D status and parathyroid function in normal Danish women postpartum. Design: Three cross-sectional measures during follow-up of 89 women postpartum.
Introduction
Vitamin D is supplied by the diet or produced in the skin when it is exposed to the sun (ultraviolet B irradiation, UVB) (Holick, 1999; Mosekilde, 2005) . At higher latitudes, cutaneous vitamin D production varies with season because of the reduced UVB exposure during winter (Holick, 1999; Brot et al., 2001; Mosekilde, 2005) . Usually, vitamin D status is assessed by measuring plasma 25-hydroxyvitamin D (P-25OHD) (Lips, 2001; Mosekilde, 2005) . Vitamin D status is considered to be insufficient at P-25OHDo50 nmol/l owing to an increased risk of secondary hyperparathyroidism with enhanced bone turnover and accelerated bone loss (Lips, 2001; Mosekilde, 2005) .
Breastfeeding women lose 280-400 mg calcium/day in breast milk during the first 6 months postpartum (Kalkwarf et al., 1997 ). An increased bone turnover leading to mobilization of skeletal calcium usually temporarily compensates for this increased calcium loss (Sowers et al., 1995; Paoletti et al., 2003) . Most studies suggest that the plasma levels of parathyroid hormone (P-PTH) are low or normal during lactation (Affinito et al., 1996; Sowers et al., 1998) . The increase in bone turnover is therefore thought to be elicited by raised P-PTH-related peptide (P-PTHrP) levels. PTHrP is synthesized in the breast tissue and is in most studies found to be increased during lactation with a tendency to decrease over time (Sowers et al., 1996) .
Independently of lactating practice, P-25OHD is found within reference ranges with the well-known seasonal variations (Cross et al., 1995; Ritchie et al., 1998) . The fetus depends on sufficient vitamin D supplementation from the pregnant women. Maternal vitamin D deficiency may compromise calcium homeostasis in the newborn with a decreased ability to regulate plasma calcium levels leading to hypocalcemia, neonatal tetani and enamel defects (Pawley and Bishop, 2004; Specker, 2004) . Vitamin D deficiency in the newborn can cause reduced growth and cause frank rickets (Zamora et al., 2000; Pawley and Bishop, 2004) .
The recommended vitamin D intake during lactation varies between countries but is generally 5-10 mg/day (200-400 IU/day) (Prentice, 2003) . The current Nordic Nutrition Recommendation (Nordic Council of Minister, 2005) is 10 mg/day. As dietary vitamin D intake in the Danish adult population is only approximately 2.5-4 mg/day (Rasmussen et al., 1998) , the majority of pregnant and lactating women need a supplement of vitamin D.
The aim of the present study was to analyze vitamin D status and the risk of secondary hyperparathyroidism in normal Danish women followed for 9 months after delivery in relation to breastfeeding, time of year and vitamin D supplementation.
Materials and methods
We studied a group of 89 Caucasian women followed at three visits during 9 months postpartum. During spring and summer 2003, we consecutively reviewed 1215 medical records for women who had just given birth at The Department of Obstetrics, Aarhus University Hospital, Denmark. We included only Caucasian women who have got a singleton, healthy live newborn following an uncomplicated pregnancy with duration of 38-42 completed weeks. Women were excluded (n ¼ 437) if they had foreign origin, have had a blood loss of more than 500 ml during labor, if their newborn had malformations or an Apgar score less than 7 after 5 min or if the women had stayed for more than 4 days at the neonatal ward. Additional exclusion criteria were chronic disease or use of drugs known to affect calcium homeostasis and bone metabolism, an alcohol intake of more than 14 units/week or abuse of narcotic substance. By letter, we invited eligible women to participate in the study. The letter was mailed no later than 1 week postpartum. In the letter, we included a questionnaire in order to assess eligibility. The trial profile is detailed in Figure 1 .
We investigated the non-fasting study participants at three visits: 23 (10-37) (mean (range)) days (spring), 117 (95-140) days (late summer) and 274 (254-323) days (winter) postpartum. Blood samples were drawn and serum immediately frozen at À801C. Information about the participant's use of oral contraceptives, dietary habits and use of dietary supplements, physical activities, smoking and alcohol intake were obtained by use of a structured questionnaire. The participants were asked to bring their vitamin and mineral supplement to each visit. They were questioned about compliance and average daily intake was estimated. We calculated the daily dietary calcium intake from the equation: dietary calcium (mg/day) ¼ 200 þ 200*(number of glasses of milk) þ 200*(number of portions with rolled oats or cornflakes with milk) þ 150*(number of bread slices with cheese) (Hermann et al., 1999) . We did not collect information on dietary vitamin D intake. We measured P-25OHD by an enzyme immunoassay (OCTEIA, Immunodiagnostic Systems (IDS) Ltd., Boldon, UK) using a Spectra II ELISA Reader (PerkinElmer Life and Analytical Sciences Inc., Boston, MA, USA). At plasma concentration between 20 and 90 nmol/l, the inter-assay coefficient of variation (CV) was 2.9-4.8% and intra-assay CV was 5.8-8.3%. We measured P-PTH by ELISA on an automated Elecsys 2010 immunoassay analyser (Roche Diagnostics GmbH, Mannheim, Germany). Intra-assay CV was between 1.4 and 3.7% at plasma concentrations between 0.9 and 180 pmol/l and inter-assay CV was 3.5-8.3%. We corrected total plasma calcium for individual variations in albumin by the equation: adjusted plasma calcium (mmol/l) ¼ plasma calcium total (mmol/l)-0.00086*(650-plasma albumin (mmol/l)).
All analyses were performed in the same run. We obtained information on the average sun hours per month from the Danish Meteorological Institute (http:// www.dmi.dk/index_uk.html) for the actual years and calculated an average monthly index. Finally, we obtained information on regional monthly UV exposure (Denmark: 55.5-56.51N and 9.4-10.61E) from NASA: Total Ozone Mapping Spectrometer (http://jwocky.gsfc.nasa.gov).
We conducted the study according to The Helsinki Declaration II. The study was notified to the Danish Data Protection Agency and approved by the Regional Scientific Ethical Committee of Aarhus County (number 20030094). The study was complied with Good Clinical Practice (GCP) and monitored by the GCP unit at Aarhus University Hospital. The study was part of an investigation also on the effect of lactation and folate and homocysteine (RamlauHansen, 2004) .
At each visit, we categorized the participants according to whether they breastfeed or not (Yes/No). Number of breastfeedings per day were not recorded.
Statistics
We defined vitamin D insufficiency as plasma 25OHD less than 50 nmol/l and vitamin D deficiency as plasma 25OHD less than 25 nmol/l (Lips, 2001; Mosekilde, 2005) . Hyperparathyroidism was defined as plasma PTH levels above the upper reference limits for the assay, that is, PTH above 6.9 pmol/l. Clinical characteristics of participants were described by medians (ranges) whereas variables used for statistical comparisons were described by medians (quartiles). We assessed differences between groups using w 2 test
for categorical variables and two-sample t-test or MannWhitney U-test for continuous variables, as appropriate. We employed Friedman's test to analyze differences within the study population over time. We used linear regression analyses for curve estimations. In multiple regression analyses (all variables entered), we adjusted for the potential influence of other covariates (including sun exposure, calcium intake and time since birth (coded as continuous variables) and smoking and breastfeeding (coded as 0 and 1)) on the correlation between the dependent variable P-PTH and the independent variable P-25OHD. Assumptions for regression analyses were tested using normal probability plots, and models were only accepted if residual plots were compatible with a normal distribution. In the analyses, data were coded as 0 for Yes and 1 for No.
Assuming an approximate equal number of users and nonusers of vitamin D supplements, our statistical power, at a 5% level of significance, to detect a 20% difference in P-25OHD-, P-PTH-and P-calcium-levels was 100, 64 and 100%, respectively.
All calculations were performed by SPSS (version 10.0) with b ¼ 0.20 and 2a ¼ 0.05.
Results
Among the 778 women invited by letter, 116 (15%) provisionally accepted participation and 89 women were included (aged (range) 20-42 (median 31) years, 40 primiparous), of whom 87 (98%) were lactating. The majority of women completed the entire study (Figure 1 ), of whom 78 (89%) and 42 (48%) were lactating at the two follow-up visits (Figure 1) . One was diagnosed with a postpartum thyroiditis between the first and the second visit and was excluded. At the three visits, 1, 8 and 21% used oral contraceptives, respectively. Only few smoked (6, 11 and 14%) (median 4 (min-max: 1-12) cigarettes/day). One was vegetarian. The smokers and the vegetarian did not differ statistically significant from the other women with regard to P-25OHD or P-PTH. All participants were normocalcemic with normal renal function.
Use of calcium and vitamin D supplements
At the three visits, respectively, 65, 51 and 49% women used multivitamin supplement containing vitamin D (median 5 (min-max: 3-20) mg/day). 34, 26 and 24% women used a multivitamin supplement containing calcium and 1, 0 and 5% used a calcium supplement containing vitamin D (minmax: 5-15 mg/day). The combined calcium intake was median 1150 (min-max: 200-2350) mg/day, 911 (200-2288) mg/day and 900 (200-2000) mg/day. Among those using no calcium supplement, the average daily dietary calcium intake was (median (min-max) 1050 mg (200-2350). In comparison, women using calcium supplements had an average combined daily intake of median 1320 mg (minmax: 500-2150) (P ¼ 0.03). The participants reported an average number of minutes spent outdoor per day median 90 (min-max: 0-600), 90 (15-480) and 60 (0-480) min/day.
Vitamin D status
Plasma 25OHD varied with season (Po0.001) ( Table 1) . With lower values during winter (median (IQR) 58.0 (39.5; 74.0) nmol/l) than in spring (80.5 (53.3; 111.0) nmol/l, Po0.01) and late summer (90.5 (70.8; 116. 3) nmol/l, Po0.001). Figure 2 relates the seasonal variations in P-25OHD to regional variations in sun hours and UV exposure per month. As detailed in the figure, with a few weeks delay the P-25OHD levels increased after increased sun-hours or UV exposure. Table 2 gives the prevalence of vitamin D insufficiency and deficiency in the study population and in subgroups stratified according to vitamin D supplement. Vitamin D insufficiency was more prevalent in winter (28%) than in spring (14%) (Fisher's exact test, P ¼ 0.02) and late summer (7%) (P ¼ 0.0001). None showed vitamin D insufficiency at all three visits. Independently of season, vitamin D insufficiency was more frequent among women not taking vitamin (Table 2) .
Vitamin D status according to breastfeeding status At the third visit, there was no statistically significant difference in P-calcium (P ¼ 0.9), P-PTH (P ¼ 0.8) and P-25OHD (P ¼ 0.8) between those breastfeeding or not. However, there was a significantly greater decrease in P-25OHD (P ¼ 0.042) between the second and the third visit in women who had stopped breastfeeding between these two points.
Parathyroid hormone
In accordance with the seasonal variations in P-25OHD, P-PTH was higher and plasma calcium was lower during winter, than in spring and late summer (Po0.001, Table 1 ). Average P-PTH remained within the reference interval (1.6-6.9 pmol/l) at all three visits, and only few subjects had plasma PTH levels above the upper reference limit but 3, 1 and 4 women had low P-25OHD and hyperparathyroidism at the three visits, respectively (Figure 3 ). There was no statistically significant difference in P-PTH between users and non-users of vitamin D supplement (Table 1) . At all three visits, P-PTH showed significant inverse hyperbolic relations to P-25OHD (Figure 3a-c) . Thus, P-PTH rose substantially with decreasing P-25OHD. By studying correlations between P-PTH and 1/P-25OHD, a linear relationship was demonstrated. The slopes (b) of the lines relating P-PTH to 1/P-25OHD differed significantly between seasons being higher during late summer (b ¼ 120.3) than during spring (b ¼ 95.3, Wald's test, Po0.001) or winter (b ¼ 61.3, Wald's test, P ¼ 0.03). The slopes from values measured at springtime and at wintertime did not differ significantly (Wald's test, P ¼ 0.06). Hence, a decrease in P-25OHD was followed by a greater increase in P-PTH during late summer than during spring or winter. In multiple regression analyses, this interaction could not be explained by influence of factors like sun exposure, calcium intake, time since birth, smoking or breastfeeding. However, the discrepancies between the slopes of the lines relating P-PTH to 1/P-25OHD during late summer, spring and winter disappeared (P40.1) when plasma calcium was included into the model suggesting an endogenous or hormonal interaction.
Discussion
We measured vitamin D status in a well-defined population of postpartum women. We found that vitamin D insufficiency is relatively common in postpartum apparently healthy Danish women, especially during winter and spring and in those not taking vitamin D supplements. The results from the present study are in accordance with the findings in normal Danish blood donors aged 18-64 years. In this population, vitamin D deficiency was found in 42% during winter and in 4% during summer . Moreover, a study in 2000 perimenopausal women disclosed that 23% were vitamin D insufficient and 7% deficient during winter (Brot et al., 2001) . The corresponding figures during summer were 58.9 and 3%, respectively. The study also revealed a connection between inadequate sun exposure and vitamin D deficiency and documented the effect of vitamin D supplementation on P-25OHD (Brot et al., 2001) .
Moreover, we observed that insufficient vitamin D status affected calcium homeostasis as P-PTH showed seasonal variations and correlated inversely with P-25OHD.
This secondary hyperparathyroidism is parallel to observations in several non-postpartum populations (DawsonHughes et al., 1991; Brot et al., 2001; Lips, 2001; Jesudason et al., 2002; Vieth et al., 2003; Mosekilde, 2005) . The increased plasma levels of PTH affect calcium homeostasis probably by increasing renal calcium reabsorption and enhancing renal 1.25(OH) 2 D synthesis. Furthermore, the secondary hyperparathyroidism in non-postpartum populations enhances skeletal bone turnover (Jesudason et al., 2002) and thereby bone mineral loss (Lips, 2001) . Based on these observations, vitamin D insufficiency has been defined by P-25OHDo50 nmol/l and vitamin D deficiency by P-25OHDo25 nmol/l (Lips, 2001; Mosekilde, 2005) .
We found that P-calcium decreased significantly during winter compared to spring and late summer (Po0.001). This might be due to the insufficient vitamin D status at this point as documented by the lowest average plasma level of 25OHD and the highest level of PTH. Furthermore, continuous calcium loss during breastfeeding, deficient mobilization of bone mineral and a drop in PTHrP during weaning may contribute (Dobnig et al., 1995; Sowers et al., 1996) . Plasma calcium was the only measured variable that interacted with the inverse relations between P-25OHD and P-PTH. This indicates that calcium-regulating hormones other than PTH modify the development of secondary hyperparathyroidism during lactation. One of these factors could be P-PTHrP, which is high during lactation but decreases during weaning (Dobnig et al., 1995; Sowers et al., 1996) .
Our study showed that a vitamin D supplement increased P-25OHD and decreased the risk of having vitamin D insufficiency. The same tendency was found during spring. The lack of statistical significant difference in P-25OHD stratified by use of vitamin D supplements at this point could not be explained by the unequal distribution of participants between supplemented and none. With this distribution (65.2% supplemented), the power to detect a 20% difference was 13%.
The results support an increased effort to motivate postpartum women to use vitamin D supplements regularly. However, vitamin D insufficiency was also observed in women taking vitamin D supplements, especially during winter. Thus, it could be argued that the recommended overall intake for lactating women of vitamin D in general should be increased or differentiated according to season. In a randomized controlled study and in a recent review, Hollis and Wagner (2004a, b) have suggested that the present recommendations during lactation are too low compared with the actual needs. In agreement with other studies (Vieth et al., 2001; Heaney et al., 2003) , they found no side effects for the mother or child with an intake of 50 mg/day (2000 IU) and claimed that such a regime would secure sufficient vitamin D status in both.
Limitations of study Theoretically, study responders could constitute a selected group, which has an unrepresentatively low vitamin D status (selection bias). However all pregnant women in the region are invited to give birth at hospital irrespectively of social or income class and actually 99% do so. Hence, our background population appears representative. A large number of women were excluded when we appraised the medical records. However, the main reasons for exclusion were foreign origin, complicated pregnancy and blood loss of more than 500 ml during labor. Immigrants are more likely to have vitamin D deficiency than Danes (Glerup et al., 2004) , which supports the exclusion. Our strict inclusion and exclusion criteria and the magnitude of study program may result in a preferential selection of the healthy, socially and financially more competent participants who are less likely to have vitamin D deficiency. The long duration of breastfeeding in our study compared with other studies (Arbejdsgruppe under Fagligt Forum for Amtssundhedsplejersker, 2003) and the low prevalence of smoking (Hegaard et al., 2004) , which decrease plasma 25-OHD (Brot et al., 2001) , support this concept. Hence, we feel it unlikely that we have selected participants more prone to be vitamin D insufficient or deficient than the background population of lactating Danish women in general.
Although information on breastfeeding was based on self-reported information, misclassification seems unlikely. However, information regarding number of breastfeedings per day would be informative. Misclassification on use of vitamin supplement is more likely as participants may overstate their use of vitamins.
Data collection was followed by an interview on compliance, which may improve authenticity of information. An important limitation to our study is that we did not estimate dietary vitamin D intake and dermal vitamin D production as no validated methods are available. However, we do not expect the eligible women to differ markedly from the Danish background population with a mean dietary vitamin D intake of 2.5-4 mg/day (Rasmussen et al., 1998) and we studied seasonal variations. The best estimate of individual vitamin D status, that is, the combined effect of dietary intake, dietary supplementation and sun exposure is considered to be P-25-OHD (Lips, 2001; Mosekilde et al., 2005) . In the present study, blood samples were collected according to standardized procedures and analyzed blindly minimizing the risk of information bias and preanalytic variation.
We cannot exclude that our sample size has limited our ability to detect significant differences in some of the studied parameters, for example, plasma PTH and calcium levels. Further studies including a larger sample of women are needed in order to draw definite conclusions on this matter.
In our study, we defined vitamin D insufficiency and deficiency based on internationally accepted cut-off values . It is important to note that these criteria mainly are defined from studies on groups of elderly individuals, especially postmenopausal women. Our finding of an inverse correlation over time between P-25OHD and P-PTH supports the concept that similar criteria are relevant for younger postpartum women, in spite of the marked changes in calcium-regulating hormones in this period of life. However, the long-term consequences of vitamin D insufficiency for mother and child remain to be clarified. A sufficient vitamin D status would probably improve skeletal health in the child (Greer et al., 1982) and may even reduce the risk of developing type 1 diabetes later in life (Cantorna, 2000) .
In conclusion, we found that P-25OHD showed the wellknown seasonal variations in healthy postpartum women. In spite of recommendations, only 49% of the women at wintertime used regular vitamin D supplements. Vitamin D supplements reduced the risk of vitamin D insufficiency, especially during winter. We also observed an inverse correlation between P-25OHD and P-PTH in indicating that vitamin D deficiency may have a negative effect on skeletal metabolism. Our results support the importance of increased alertness regarding information of pregnant and lactating women about use of vitamin D supplements. Furthermore, it has to be studied whether the present recommendations of an intake of 5-10 mg vitamin D/day are sufficient, especially during winter months.
